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In this work we investigated the cis-acting signals involved in replication of Ebola virus (EBOV) genomic
RNA. A set of mingenomes with mutant 3’ ends were generated and used in a reconstituted replication and
transcription system. Our results suggest that the EBOV genomic replication promoter is bipartite, consisting
of a first element located within the leader region of the genome and a second, downstream element separated
by a spacer region. While proper spacing of the two promoter elements is a prerequisite for replication, the
nucleotide sequence of the spacer is not important. Replication activity was only observed when six or a
multiple of six nucleotides were deleted or inserted, while all other changes in length abolished replication
completely. These data indicate that the EBOV replication promoter obeys the rule of six, although the genome
length is not divisible by six. The second promoter element is located in the 3’ nontranslated region of the first
gene and consists of eight UN; hexamer repeats, where N is any nucleotide. However, three consecutive
hexamers, which could be located anywhere within the promoter element, were sufficient to support replication
as long as the hexameric phase was preserved. By using chemical modification assays, we could demonstrate
that nucleotides 5 to 44 of the EBOV leader are involved in the formation of a stable secondary structure.
Formation of the RNA stem-loop occurred independently of the presence of the trailer, indicating that a
panhandle structure is not formed between the 3’ and 5’ ends.

Ebola virus (EBOV) and Marburg virus are members of the
family Filoviridae, which belongs to the order Mononegavirales.
Ebola viruses are divided into four genera, Zaire, Sudan, Ivory
Coast, and Reston (26). All filoviruses cause severe hemor-
rhagic fevers in humans and nonhuman primates, with fatality
rates of up to 90% (36), except for EBOV Reston, which seems
to be apathogenic for humans (18, 23). EBOV genomes consist
of a nonsegmented, single-stranded RNA in negative orienta-
tion (NNS) of about 19 kb in length. Seven genes encoding
eight proteins are arranged in a linear order. Short nontran-
scribed regions are located at the extreme 3’ and 5’ ends,
called the leader and the trailer, respectively (Fig. 1A). Com-
pared to other members of the Mononegavirales, filovirus (and
henipavirus) genes have unusually long nontranslated regions
(NTRs) flanking the open reading frames. Thus, the start
codon of the first EBOV gene, the NP gene, is located at
nucleotide positions 470 to 472, and the stop codon of the last
gene, the L gene, is found 742 nucleotides upstream of the
extreme 5’ end. Naturally occurring defective interfering
EBOV particles revealed that 155 nucleotides at the 3’ termi-
nus and 176 nucleotides of the 5" terminus are sufficient for
replication (5).

Four viral proteins, NP, VP35, VP30, and L, are associated
with the viral RNA forming the nucleocapsid (1). While the
nucleoprotein NP tightly encapsidates the viral RNA, the cat-
alytic subunit of the viral polymerase, L, and the polymerase
cofactor VP35 constitute the viral polymerase complex. The
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fourth nucleocapsid protein, VP30, is involved in the formation
of the nucleocapsid complex and necessary for rescue of full-
length recombinant EBOV (34, 46). Interestingly, VP30 is an
activator of EBOV transcription in a reconstituted minige-
nome system but not necessary for replication (3, 27, 32, 50).
Also, this fourth nucleocapsid protein is unique to filoviruses
and pneumoviruses within the Mononegavirales (2, 14).

Due to the similar genome organization among all members
of the Mononegavirales, transcription and replication are as-
sumed to follow common mechanisms. During EBOV tran-
scription, the viral polymerase transcribes the seven genes to
produce eight monocistronic mRNA species which are capped
and polyadenylated (31, 45, 50). Interestingly, transcription of
the glycoprotein gene is accompanied by mRNA editing, a
phenomenon also found with the phosphoprotein gene of the
members of the Paramyxovirinae subfamily (39, 43, 45). During
replication, the polymerase enters the genome at the 3’ end
(including the leader), which contains a cis-acting promoter
region, and generates a complementary copy of the genome,
the antigenome (19). This antigenome is also readily encapsi-
dated and used as a template to yield progeny negative-
stranded RNA. Then, the complement of the genomic 5’ end
(cTrailer) serves as a promoter for replication with significantly
enhanced efficiency compared to the leader, as shown for the
closely related Marburg virus (29). Leader and cTrailer show a
high degree of homology within the first 50 nucleotides but
differ in the ability to support transcription.

Within the order Mononegavirales, two structures of replica-
tion promoters have been described. First, the promoter is
located entirely within the leader region, as shown for vesicular
stomatitis virus, a member of the Rhabdoviridae, and respira-
tory syncytial virus (RSV), belonging to the Pneumovirinae
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FIG. 1. Schematic drawing of the 3’ region of EBOV RNA and the
derived minigenomes. (A) Known elements within the EBOV genomic
3’ terminus. The 3’ genomic end of EBOV RNA contains a nontran-
scribed region from nucleotides 1 to 55 (leader; black) followed by the
transcription start signal of the NP gene (tss; nucleotides 56 to 67). The
transcription start signal is involved in formation of a hairpin loop
(light gray; nucleotides 56 to 78). Nucleotides 56 to 469 are not trans-
lated; translation of NP (dark gray) starts with the AUG at position
470. (B) Overview of the 3’ regions of minigenomes. 3E-5E contains
the leader, the entire 3’ nontranslated region (NTR) of the NP gene,
and the CAT gene instead of viral genes. Deletions were introduced
upstream of the reporter gene to truncate 5’ sequences of the 3’ NTR.
Plasmid 3E-5EA250 served as a template for the other mutants created
in this work. Construct 3E-5EA90 is shown as a representative of the
deletion mutants. Numbers refer to the genome sequence of EBOV
Zaire, strain Mayinga (GenBank accession number AF086833).

subfamily of the Paramyxoviridae (21, 25). Second, the pro-
moter consists of two distinct elements which are separated by
a spacer region with unimportant sequence. However, this
spacer has to be of defined length, as shown for Sendai virus
and other members of the Paramyxovirinae (24, 33, 42, 49). The
known bipartite promoters consist of a stretch of about 30
nucleotides located at the 3’ end of the genome and a second
well-defined element within the nontranslated region of the
first (genomic promoter) or the last gene (antigenomic pro-
moter), respectively. A common feature of all NNS viruses
containing bipartite replication promoters is that the total
number of nucleotides in the genome is divisible by six (rule of
six) (6, 13, 20). However, this is not the case for rhabdoviruses,
pneumoviruses, and filoviruses (5, 35, 38).

In this paper we analyzed the secondary structure at the 3’
end of the EBOV Zaire genome and its role in the replication
of minigenomic RNA. Further experiments were performed to
elucidate the structure of the replication promoter. We found
that the promoter is bipartite and important motifs follow the
rule of six.

MATERIALS AND METHODS

Cell lines and viruses. HeLa cells were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal calf serum. The human hepatoma
cell line Huh-T7, constitutively expressing the T7 RNA polymerase (kindly
provided by V. Gaussmiiller, Department of Medical Molecular Biology, Uni-
versity of Liibeck, Liibeck, Germany), was grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum and 1 mg/ml geneticin. BSR
T7/5 cells (derived from a BHK-21 cell line), also constitutively expressing the T7
RNA polymerase (kindly provided by K. K. Conzelmann, Max von Pettenkofer
Institute and Gene Center, Munich, Germany), were cultured as described by
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Buchholz et al. (4). Chicken embryo fibroblasts were used to grow the recombi-
nant vaccinia virus MVA-T7 containing the T7 RNA polymerase gene (41). For
this work, the EBOV Zaire strain Mayinga was used. Nucleotide numbers refer
to GenBank accession number AF086833.

Cloning of the minig The EBOV-specific minigenome 3E-5E (32) or
its derivative 3E-5EA250 (50) was used as the template to generate all negative-
sense mutant constructs; positive-sense mutants were based on 3E-5E(+) (50).
These minigenomes contain the EBOV leader, the entire (3E-5E) or a part
(3E-5EA250) of the 3" NTR of the NP gene, the chloramphenicol acetyltrans-
ferase (CAT) gene as a reporter gene, followed by the 5" NTR of the EBOV L
gene and the trailer (Fig. 1B). Substitutions of up to 4 nucleotides were intro-
duced using the QuikChange Mutagenesis kit (Stratagene).

For construction of deletion mutants of the 3’ end, PCR fragments flanked by
an RsrlIl and an Ndel restriction site were generated from 3E-5E. 3E-5E was
digested with RsrlII and Ndel to remove EBOV-specific sequences upstream of
the CAT gene. Ligation of the PCR fragments with the vector resulted in
3’-truncated minigenomes. For creation of random substitution mutants, an Spel
(nucleotides GAGGAAs4_6;—ACUAGU) and a Sacll restriction site (nucleo-
tides GAAAUUg,_gg—CCGGCC) were introduced into 3E-5EA250 by several
rounds of QuikChange mutagenesis to yield 3E-5EA250 Spel/Sacll. Introduction
of the Spel site resulted in destruction of the transcription start signal of the NP
gene.

Two oligonucleotides were annealed to create fragments containing the ran-
domized sequence (Table 1). The generation of 3E-5EA250x84-130 involved two
steps: 3E-5SEA250 Spel/Sacll was first cut with Spel and Sacll, and the annealed
oligonucleotides 1080 and 1081 were inserted. The resulting construct was then
digested with XhoI and Mlul and annealed oligonucleotides 1082 and 1083 were
inserted. The Spel site was then removed in all constructs that were used for
determination of the spacer length to restore the transcription start signal.
Constructs 3E-5EA250+6, 3E-5EA250+9, and 3E-5EA250+12 were generated
by inserting annealed oligonucleotides (Table 1) between nucleotide 73 and 74 of
3E-5EA250 Sacll digested with SexAl. Plasmid 3E-5EA250X55-90 was digested
with Spel and subsequently treated with Klenow fragment to obtain 3E-
SEA250X55-90+4, which contained an additional 4 nucleotides (GATC). In
vitro mutagenesis PCR was used to generate the deletion mutants using 3E-
SEA250 Sacll as the template. Table 2 gives an overview of the resulting se-
quences.

Infection and transfection of eukaryotic cells. Replication of EBOV minig-
enomes was assayed by using a plasmid-based reconstituted replication/transcrip-
tion system (32). In this system, expression of the nucleocapsid proteins and
generation of the minigenomic RNA are driven by the T7 RNA polymerase. For
expression of the T7 RNA polymerase, either HeLa cells were infected with the
MVA-T7 virus or constitutively expressing cell lines were used (BSR T7/5 or
Huh-T7 cells). When we compared the results obtained in the different systems,
we did not observe remarkable differences.

Infection and transfection of HeLa cells. HeLa cells were seeded in six-well
plates to a density of 60% and infected with MVA-T7 virus at a multiplicity of
infection of 5 PFU per cell. At 1 h postinfection, the following amounts of
plasmids were used for transfection using Lipofectamine (Invitrogen): 1.0 pg
PT/Lggo, 0.5 pg pT/NPgge, 0.5 pg pT/VP35kp0, 0.1 pg pT/VP30gpe, and 2 pg
of the respective minigenomic DNA. At 2 days postinfection, cells were lysed and
subjected to RNA analysis.

Transfection of BSR T7/5 and Huh-T7 cells. BSR T7/5 and Huh-T7 cells were
grown in six-well plates to 60 to 70% confluence and transfected using FUGENE
6 (Roche Molecular Applied Science). For transfection, 1.0 g minigenome, 1.0
g pT/Lggo, 0.5 pg pT/NPrpo, 0.5 pg pT/VP35550, 0.1 ng pT/VP30gpe, and
0.5 pg of pC-T7/Pol (expressing the T7 RNA polymerase [34]; kindly provided by
T. Takimoto, St. Jude Children’s Research Hospital, Memphis, Tenn., and Y.
Kawaoka, University of Wisconsin, Madison) were used. Transfection was car-
ried out as described by Modrof et al. (28). At 2 days after transfection, cells were
lysed in the appropriate buffer and analyzed for CAT expression or RNA syn-
thesis.

Isolation and detection of replicated RNA. Transfected cells were washed
twice with phosphate-buffered saline and lysed under mild conditions in 200 pl
of micrococcal nuclease buffer (10 mM NaCl, 10 mM Tris-Cl [pH 7.5], 10 mM
MgCl,, 5% Triton X-100, 0.3% sodium deoxycholate, 10 mM CaCl,). The lysate
was sheared 10 times through a 24-gauge needle and sonicated for 60 s. Cell
debris was removed by brief centrifugation (5 min at 500 X g) and the superna-
tant was incubated with 51 U of micrococcal nuclease (MBI Fermentas) for 70
min at 33°C. Afterwards, RNA was extracted using the RNeasy mini kit (QIA-
GEN) according to the manufacturer’s instructions. The recovered RNA was
then analyzed by Northern blotting. The positive-stranded replicative interme-
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TABLE 1. Sequences of the primers used for cloning of substitution, insertion, and deletion mutants. Indicated restriction sites were used for
insertion and/or subsequent cloning steps.

Primer Sequence (5'—3") Restriction site(s) Construct

475 GGTGGACCTTTTTCGGATCCGCAAA Spel, Sacll 3E-5EA250 X 55-90
476 CTAGTTTGCGGATCCGAAAAAGGTCCACCGC

868 CCAGGTGTGATTACAGTAACAATCGACCAGATCTAATAACGTGTCCGC SexAl, Sacll 3E-5EA250 X 84-110
869 GCGGACACGTTATTAGATCTGGTCGATTGTTACTGTAATCACACCTGG

1070 CCAGGTGTGATTAATTGCCATCGCGACCAGATCTAATAACGTGTCCGC Spel, Sacll 3E-5EA250 X 84-120
1071 GGACACGTTATTAGATCTGGTCGCGATGGCAATTAATCACA

1080 CCAGGTGTGATTAATTGCCATCGCGACCAGATCTAATAACGTGTCCGC Spel, Mlul, Sacll 3E-5EA250 X 84-120'
1081 GGACACGTTATTAGATCTGGTCGCGATGGCAATTAATCACA

1082 TCGAGCTTTGTGATGTGGCTCTGAAACAAACCACCGCA Xhol, Mlul 3E-5EA250 X 84-130
1083 CGCGTGCGGTGGTTTGTTTCAGAGCCACATCACAAAGC

1121 GGAATGAGAGGATCATTTAAATTATTAATC SexAl 3E-5EA250 +6

1122 GATTAATAATTTAAATGATCCTCTCATTCC

1182 GGAATGAGAGGATCACGCTTTAAATTATTAATC SexAl 3E-5EA250 +9

1183 GATTAATAATTTAAAGCGTGATCCTCTCATTCC

1184 GAGAGGATCACGCATCTTTAAATTATTAATC SexAl 3E-5EA250 +12
1185 GATTAATAATTTAAAGATGCGTGATCCTCTC

diate was detected using a negative-stranded, digoxigenin-labeled riboprobe di-
rected against the CAT gene (29).

CAT assay and CAT ELISA. BSR T7/5 or Huh-T7 cells were transfected as
described above. Cells were washed twice with phosphate-buffered saline and
lysed in 150 wl of reporter lysis buffer (Promega). Two days posttransfection,
CAT assays were performed using a standard protocol. Quantification of pro-
cessed chloramphenicol was done with a Bioimager Analyzer (Fuji BAS-1000)
and the Raytest TINA software. CAT enzyme-linked immunosorbent assays
(ELISAs) were carried out using the CAT ELISA kit (Roche Applied Science)
following the manual’s instructions. Samples were quantified using the supplied
standards.

In vitro transcription and chemical modification assay. Plasmid 3E-5E(+)
was linearized either with Sall prior to in vitro transcription to generate a
positive-sense runoff transcript containing the complete minigenome or with
Ndel to generate a runoff transcript containing only the first 472 nucleotides of
the EBOV Zaire genome. Transcription was performed with the AmpliScribe T7
kit (Epicenter) according to the manufacturer’s instructions. RNA secondary-
structure formation was investigated by chemical modification assays with di-
methyl sulfoxide (51) to modify A and C residues and 1-cyclohexyl-3-(2-morpho-
linoethyl) carbodiimid metho-p-toluensulfonate (CMCT) to modify G and U

residues as described elsewhere (50). Modified RNA species were analyzed by
primer extension. Briefly, 1 pg or 50 ug RNA, respectively, was incubated with
either dimethyl sulfoxide or CMCT, precipitated, and subjected to reverse tran-
scription (SuperScript II reverse transcriptase, Invitrogen) using a 3?P-labeled
primer binding to nucleotides 60 to 90 of the EBOV leader. In parallel, the DNA
template 3E-5E(+) was radioactively sequenced with the same primer using the
T7 sequencing kit (Amersham Biosciences). Reaction products were separated
on an 8% denaturing polyacrylamide gel and the dried gel was exposed to a
Bioimager plate (Fuji). The plates were visualized with the Bioimager analyzer
(Fuji BAS-1000) and Raytest TINA software.

RESULTS

Ebola virus leader does not interact with the trailer. Se-
quence comparison of the 3’ and 5" end of the EBOV genome
revealed stretches of complementary nucleotides within each
region as well as between the two regions. Leader and trailer
could therefore form stable secondary structures themselves

TABLE 2. Sequence of the EBOV 3’ end of the spacer mutants starting at position 55¢

Sequence around modification (3'—5")

Construct
3E-SEA250 —12 C|U|CCU,,UC[UAAUUA[U
3E-SEA250 -9 C|U[CCU4,UC|UAAUUAU
3E-SEA250 -6 C|U|CCU,,UC[UAAUUA[U
3E-SEA250 —5 C|U[CCU4,UC|UAAUUAU
3E-5SEA250 -3 C|U|CCU,,UC[UAAUUA[U
3E-5EA250 —2 C|U[CCU4,UC|UAAUUAU
3E-5SEA250 —1 C|U|CCU,,UC[UAAUUA[U
3E-5EA250 C|U[CCU4, UC|UAAUUAU
3E-5SEA250 +1 C|U|CCU,,UC[UAAUUA[U
3E-5EA250 +2 C|U[CCU4, UC|URAAUUAU
3E-SEA250 +3 C|U|CCU,,UC[UAAUUA[U
3E-5EA250 +5 C|U[CCU4,UC|UAAUUA(U
3E-5SEA250 +6 C|U|CCU,,UC[UAAUUA[U
3E-5EA250 +9 C|U[CCU4,UC|UAAUUA(U
3E-SEA250 +12 C|U|CCU,,UC[UAAUUA[U

U, ,ACU
U, ,GUAA
U, ,AAAG
U, ,AAAA
U, ,AAAA
U, ,AAAG
U, (AAAG
U, AAAA
U, ,AAAU]
U, ,AAAC
U, AAAA
U, ,AAA

U, oAAA

U, ,AAA

U, AAA

IAGCCU
UAUAG
IAAAUA|
UAAAU|
UUUAA
CUUUA
IACUUU
IAACUU
UAACU
GUAAC
IAGUAA
IAGAGU]
GAGAG
[UAGGA|
CACUA

AAAUA,,
UUUAA,
AACUU,,
UAACU,,
AGUAA,,
GAGUA,
AGAGU,,
GAGAGg,
GGAGA,
AGGAG,,
UAGGA,,
ACUAG,,
UACUA,,
UCGCA,,
UCUAC,,

AAR, U
CUU, AR
AGC,,CU
UAG,,CC
UAU, ,AG
AUA, UA
AAU, AU
IAAR  UA|
AR, AU
UUR, AR
UUU, AR
ACU,,UU
AAC, U
AGU, AR
GAG,,AG

AACUU
UUUAA
AAAUU
UAAATU|
CUUAA
CCUUA|
GCCUU|
AGCCU
[UAGCC|
IAUAGC|
UAUAG
AAUAU
AAAUA|
UUUAA
AACUU

A, o oACAA
U, ,oUUAA
A, ,ACUU
U, 0oAACU
U, ooUUAA
A, 0oUUUA]
A, o AUUU
A, o AAUU
U, 0oAAAU
U, ooUAAA
C,0oUUAA
G, 00,CCUU
A, ,,GCCU
U, 00 AUAG
A, o AAUA

GACAU, ,,
IAAUGA, .,
IAACAA, 1o
UAACA,,,
UUUARA,
CUUUA,
IACUUU, ,,
IAACUU, ,,
UAACU,
UUAAC, .,
UUUARA,
AAUUU, ,,
AAAUU, ,,
CUUAR, , ,
IAGCCU, ,,

S>> rcaqala

cN0gdrRQaayreaca
Pra g P QAlGa Pl

QOO YREE Y AGE P

Cric» aaldla»»pialc Qlg
S algwryalala » » alglc Qg

Q Qg ¥ Qlg]

g QT

“ Boxes indicate positions at which repetitive U residues are found. The inserted sequence is represented in bold.
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FIG. 2. Analysis of the secondary structure formed within the first 50 nucleotides of the EBOV genome. (A) Computer-predicted secondary
structures of the genomic ends. (B) Autoradiographs of in vitro-transcribed and chemically modified 3E-5E(+) and leader(+) RNAs in direct
comparison to elucidate the nature of the secondary structure. Treatment of RNA with dimethyl sulfoxide leads to modification of unpaired A and
C residues, whereas treatment with CMCT modifies unpaired U and G residues. These modified bases lead to termination of reverse transcription
with a radioactively labeled primer, and the resulting bands were resolved on a sequencing gel along with the sequence of the 3E-5E(+) template
(left lanes). Lanes DMS— and CMCT - indicate reverse transcription products of untreated RNA template as a background control. Asterisks in
the template lanes refer to bands belonging to the nucleotides placed on the left-hand side. Open arrows indicate modified nucleotides, while solid
arrows point to unspecific bands most likely due to generation of cDNA on short RNA fragments. The sequences at the bottom refer to the
positive-sense RNA. Modified nucleotides are boxed and show no difference between the trailer being present, in 3E-5SE(+), or not, in leader(+).
Note that the cDNA fragments synthesized from modified RNA are displaced by 1 nucleotide relative to the sequencing lanes. (C) Sketch of the
secondary structure as deduced from the chemical modification assay. Again, the RNA sequence is numbered according to the positive strand of
the EBOV leader. The area in which mutations were introduced in further experiments is highlighted with a gray box.

scribed RNAs. Two different RNAs were synthesized: one
represented a positive-stranded analogue of the minigenome
3E-5E and were therefore termed 3E-5E(+), comprising the

(hairpin loop) or with each other (panhandle). In silico analysis
predicted a stable secondary structure within the first 50 nu-
cleotides of the EBOV Zaire genome involving direct pairing

of nucleotides 4 to 15 with 33 to 43 (Fig. 2A). Alternatively, the
highly conserved 3'- and 5’-terminal nucleotides could inter-
act, leading to the formation of a panhandle structure (Fig.
2A).

To investigate whether the hairpin loop is present or leader
and trailer instead form a panhandle, the actual structure was
determined by chemical modification assays of in vitro-tran-

first 472 nucleotides of the EBOV genome, a CAT reporter
gene, and the last 729 nucleotides of the EBOV genome. The
other RNA was designated EBOV leader(+). It contained
only the first 472 nucleotides of the 3" end in the positive
orientation without the CAT gene and trailer. After in vitro
transcription, the RNA was subjected to chemical modification
with CMCT and dimethyl sulfoxide. Dimethyl sulfoxide specif-
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ically modifies unpaired A and C residues and CMCT specif-
ically modifies unpaired U and G residues. The modified
RNAs were reverse transcribed, whereby progress of the re-
verse transcriptase was inhibited by modified nucleotides lead-
ing to termination. Termination products were then separated
on a denaturing urea-polyacrylamide gel along with the se-
quencing reaction of the template.

Comparison of the modified bases clearly indicated no dif-
ference between the two samples (Fig. 2B). According to the
results of the chemical modification assays, nucleotides 5 to 15
interacted with nucleotides 35 to 44, forming a stem region
(Fig. 2C). Formation of a stable hairpin loop within the first 50
nucleotides of the EBOV Zaire genome is therefore indepen-
dent of the presence of the trailer. This also leads to the
presumption that panhandle structures between the genomic
ends are not formed. However, it has to be considered that all
modifications were made on a nonencapsidated RNA of pos-
itive orientation. Efforts to perform chemical modification as-
says with EBOV nucleocapsids were not successful, presum-
ably due to too small an amount of isolated RNA.

First 55 nucleotides of the EBOV 3’ terminus contain im-
portant signals for replication. Since the results of the chem-
ical modification assays provided evidence that nucleotides 5 to
44 of the EBOV leader are involved in RNA secondary-struc-
ture formation, the question arose whether the secondary
structure of the hairpin loop and/or the primary sequence is
important for replication. To address this question, an EBOV-
specific minigenome system, in which replication and transcrip-
tion are reconstituted by plasmid-supplied minigenomic RNA
and nucleocapsid proteins, was used. Two minigenomic mu-
tants were designed and checked for their ability to be repli-
cated by the nucleocapsid proteins. Huh-T7 cells were trans-
fected with plasmids encoding the EBOV nucleocapsid
proteins NP, VP35, VP30, and L. Additionally, a reference
minigenome (3E-5EA250) or a mutated minigenome was
transfected.

Construct 3E-5EA250X10-13 contained four exchanges of
A to U residues (nucleotides 10 to 13), which are involved in
stem-loop formation (Fig. 2B and C). To restore the disrupted
base pairings, compensatory exchanges of nucleotides 36 to 39
were introduced to yield construct 3E-5EA250restore_2°. After
2 days, cells were harvested and tested for either CAT activity
or replicated RNA. It has to be noted that replication (in the
absence of transcription) does not lead to CAT gene expres-
sion. However, CAT activity does not only reflect transcription
but has been shown to be dependent on replication of the
minigenome as well (32). As shown in Fig. 3A, none of the
mutant constructs was able to support transcription of the
CAT gene. Since this might be due to the lack of sufficient
template, the mutants were assayed for replication. Replicated
RNA is encapsidated and hence nuclease resistant. Northern
blot analysis of RNA treated with micrococcal nuclease veri-
fied that no replication had occurred (Fig. 3B). These findings
led to the conclusion that secondary-structure formation per se
is not sufficient to support replication. However, it cannot be
ruled out that both the primary sequence and the secondary
structure are important for replication activity.

The transcription start signal of the NP gene, comprising
nucleotides 56 to 67, is located 12 nucleotides downstream of
the above-mentioned hairpin loop. Next, we wanted to address

J. VIROL.

the question of whether the nucleotides located at the 5" end of
the leader between the putative secondary structure and the
transcription start signal of the NP gene were essential for
replication. Three sets of substitutions should clarify the role of
nucleotides 44 to 55. In each mutant, three adjacent nucleo-
tides were substituted: nucleotides 44 to 46, 50 to 52, and 53 to
55. The resulting plasmids (3E-5EX44-46, 3E-5EX50-52, and
3E-5EX53-55, respectively) were analyzed for their ability to
support replication by using the reconstituted replication and
transcription system.

To this end, HeLa cells were infected with MVA-T7 and
subsequently transfected with plasmids coding for the nucleo-
capsid proteins and the mutated minigenomes. At 30 h post-
transfection, cells were lysed and replicated RNA was isolated.
Northern hybridization against the positive-sense replicative
intermediate did not reveal any replicated RNA (Fig. 3C).
Taken together, it could be shown that the first 55 nucleotides,
i.e., the entire leader region up to the transcription start signal
of the first gene, are important for replication. Although our
results indicate that the leader might interact with itself to
form a stable hairpin loop, this structure alone seems not to be
sufficient to support replication.

Replication signals extend into the NP gene. The 3’ end of
the EBOV minigenome 3E-5E is 469 nucleotides in length and
comprises the leader and the 3" NTR of the NP gene. To
determine the minimum sequence requirement for replication
of minigenomic RNA, the 3’ NTR of the NP gene of minigen-
ome 3E-5E was consecutively truncated from the 5’ end (Fig.
1B). Deletions were introduced by using PCR and standard
molecular biology techniques. A set of 16 deletion mutants
were generated, ranging from 52 to 351 nucleotides remaining
at the 3’ end (Fig. 1B).

To get an idea about the ability of these mutants to support
replication, a quantitative CAT ELISA was performed. Al-
though this is a method to analyze transcription of the reporter
gene, it can be used indirectly to estimate replication (32).
Briefly, BSR T7/5 cells were transfected with the plasmids
encoding the nucleocapsid proteins and the mutated mini-
genomes or 3E-S5E. At 2 days after transfection, cells were
lysed and normalized amounts of all lysates were used in a
standard CAT ELISA.

For deletions up to nucleotide 150, levels of translated CAT
protein were similar to that of 3E-5E (Fig. 4A, left-hand side).
CAT expression decreased dramatically with mutant 3E-
SEA108 to drop below detectable levels when 94 or fewer
nucleotides remained (Fig. 4A, left-hand side). Further mu-
tants containing 140 to 121 remaining nucleotides were created
and tested in a CAT assay for replication and transcription
activity. The CAT activity of this set of mutants was similar to
that of the wild type (Fig. 4A, right-hand side). After this first
impression of replication- and transcription-competent con-
structs, 14 truncated minigenomes were tested directly for rep-
licated RNA using Northern blot analysis. Although, due to
the method employed, a direct quantification of the replicated
RNA was not possible, the tendency of decreasing replication
activity with larger deletions is clearly visible (Fig. 4B). While
deletions up to nucleotide 96 always yielded detectable levels
of RNA, further deletions showed no or only traces of repli-
cated RNA in repeated experiments. We therefore concluded
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genome. At 2 days posttransfection, cells were lysed and the lysates were subjected to a CAT assay. (B) Effects of disruption and restoration of
the stem-loop structure within nucleotides 1 to 50 of the EBOV leader: Northern blot analysis of replicated RNA. Huh-T7 cells were transfected
with plasmids encoding the nucleocapsid proteins and the minigenomes as indicated above the lanes. At 2 days posttransfection, cells were lysed
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36 to 39 were introduced in plasmid 3E-5EA250restore_2°. The arrow indicates replicated RNA of the positive control. (C) Effect of substitutions
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and subjected to Northern blot analysis as described above. As a negative control, plasmid pT/Lggg encoding the L protein was omitted (lane w/o

pT/Lego)-

that important signals for replication must reside within the
transcribed region of the NP gene upstream of nucleotide 96.

EBOV replication promoter is bipartite. After locating im-
portant stretches of sequence within the first 55 nucleotides
and upstream of nucleotide 96, it was of interest to investigate
whether the EBOV replication promoter is a single element, as
described for RSV (9), or segmented in two parts, as was
shown for Sendai virus (42). To address this question, the
previously described construct 3E-5EA250 was modified so
that two additional restriction sites, Spel at nucleotides 56 to
61 within the transcription start signal of the NP gene and
Sacll at nucleotides 84 to 89, were introduced. After verifica-
tion that the substitutions did not affect replication compe-
tence (data not shown), these two sites were used to replace
nucleotides 55 to 90 by either a random sequence of the same
length or a random sequence containing four additional nu-
cleotides. The sequences were carefully checked for the ab-

sence of motifs similar to promoter elements found in the
genomes of other members of the Mononegavirales (see Dis-
cussion). The resulting minigenomes, 3E-SEA250 X55-90 and
3E-5EA250 X55-90+4, along with the plasmids encoding the
nucleocapsid proteins, were used to transfect Huh-T7 cells. At
2 days posttransfection, replicated RNA was isolated and de-
tected by the Northern blot technique.

Surprisingly, exchange of 36 nucleotides spanning the region
between nucleotides 55 to 90 did not affect replication dramat-
ically (Fig. 5A, lane 3). However, when the random sequence
was elongated by four additional nucleotides, replication ac-
tivity could not be detected (Fig. 5A, lane 7). These results
suggested that (i) the EBOV replication promoter might be
bipartite and (ii) proper spacing of the two elements might be
important for efficient replication.

To narrow down the putative second promoter element,
further substitutions were introduced to change nucleotides 84
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FIG. 4. Determination of the minimal sequence requirement for efficient replication. Minigenome 3E-5E was truncated upstream of the CAT
gene, i.e., in the 3’ region of the EBOV genome (Fig. 1B). The resulting mutants were tested for replication in the artificial replication/transcription
assay. (A) CAT ELISA and CAT assay. BSR T7/5 cells were transfected with plasmids encoding the nucleocapsid proteins Ligo, VP35g50,
VP30gp0, and NP and the minigenomes as indicated. At 24 h posttransfection, cells were lysed, and normalized amounts of the lysates were
either assayed for CAT expression using a CAT-ELISA or subjected to the CAT assay. (B) Northern blot analysis. HeLa cells were infected with
MVA-T7 and transfected with the same set of plasmids as described above. At 2 days posttransfection, cells were lysed, and the lysates were treated
with micrococcal nuclease. Replicated RNA was purified and analyzed by Northern blot assay. The number in the constructs’ names reflects the
remaining nucleotides of the EBOV 3’ end. In both assays, 3E-5E (w/o pT/Lggp), where pT/Lgpo was omitted from transfection, served as a

negative control.

to 110, 84 to 120, and 84 to 130. For these mutants, however,
the previously introduced Spel restriction site was resubsti-
tuted to allow transcriptional analysis. Huh-T7 cells were trans-
fected with the plasmids coding for the nucleocapsid proteins
and the respective minigenomes and harvested 2 days post-
transfection. Using CAT activity or the amount of CAT pro-
tein (ELISA) as an estimate of replication, replication/tran-
scription activity could only be detected for mutant 3E-5EA250
X84-110 but not for minigenomes 3E-SEA250 X84-120 and
SEA250 x84-130 (data not shown). Again, these results were
verified by direct detection of replicated RNA products in a
Northern blot assay. Huh-T7 cells were transfected with the
plasmids coding for the nucleocapsid proteins and the respec-
tive minigenomes and harvested 2 days posttransfection. En-
capsidated RNA was isolated and subjected to Northern blot
analysis. When nucleotides 84 to 110 were substituted, repli-
cation activity could be detected but was reduced (Fig. 5A, lane
4). When an additional 10 or 20 nucleotides were changed,
replication of the mutant minigenomes was not observed (Fig.
S5A, lanes 5 and 6).

At first glance, these results seemed to be in conflict with the
findings obtained from the truncation mutants described
above. A possible explanation for this discrepancy arose during
further experiments, when the structure of the EBOV pro-
moter was analyzed in more detail (see Fig. 7 and Discussion).
Nevertheless, these data already suggested a bipartite structure
of the EBOV replication promoter similar to that found in
Sendai virus, since a stretch of at least 56 nucleotides could be
exchanged internally without abolishing replication as long as
the length of the exchanged sequence was preserved.

Spacer that separates the two promoter elements follows the
rule of six. An interesting feature of viruses containing a bi-
partite replication promoter is that the genome length follows
the rule of six. Residues important for replication were also
found to be located every six nucleotides, possibly due to the
encapsidation process by the nucleoprotein N (17). Since we
could show that insertion of 4 nucleotides within a region
whose sequence was not important for replication abolished
replication activity, we were now interested in whether the
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FIG. 5. EBOV replication promoter is bipartite. Huh-T7 cells were transfected with plasmids pT/VP35gg0, pT/NPggq, and pT/Lggo and the
respective minigenome. At two days posttransfection, cells were lysed and the lysates treated with micrococcal nuclease. Replicated RNA was
purified and analyzed by Northern blot assay. (A) Extended regions were substituted with random sequences to elucidate the nature of the EBOV
replication promoter. Lane 1 shows the wild-type minigenome as a positive control, and lane 2 is a negative control where plasmid pT/Lggo Was
omitted from transfection. (B) Analysis of the spacer region between the two promoter elements. Nucleotides were either deleted (odd lanes) or
inserted (even lanes) to identify the length of the spacer. Sequences were inserted between nucleotides 71 and 82 (see Table 2 for details).

spacer length, i.e., the relative positions of the two promoter
elements, was of any importance.

Two types of spacer mutants were designed: deletions of
nucleotides between positions 71 and 82 on the one hand and
insertions of up to 12 nucleotides after position 73 on the other
hand. Since the mutations were introduced using 3E-5EA250
as a template containing a functional transcription start signal,
CAT activity could be used to obtain preliminary data for
replication. Two days after transfection of Huh-T7 cells with
the plasmids coding for the nucleocapsid proteins along with
the various minigenomes, cells were harvested and either used
for analysis in a CAT assay (data not shown) or lysed for
detection of replicated RNA. Interestingly, we found a very
clear relationship between the length of the spacer region and
replication efficiency: when 6 or a multiple of 6 nucleotides
were inserted (Fig. 5B, lanes 2 and 6) or deleted (Fig. 5B, lanes
3 and 7), replication activity was similar to that of the control
(Fig. 5B, lane 1), while all other changes in length abolished
replication completely. It is noteworthy that only one nucleo-
tide difference from the optimal context led to a complete loss
of function.

Second promoter element consists of at least three UNg
hexamers. The data shown above clearly indicate that the rule
of six is applicable for the EBOV genomic replication pro-
moter, although the genome length is not a multiple of six.
Emphasis was therefore put on the search for repetitive motifs
within the second promoter element. Indeed, several candi-
dates were revealed, mainly by comparison with other mem-
bers of the Mononegavirales. The motif reported for Sendai
virus (42), (CNs)s, where N is any nucleotide, is located in the
EBOV genome between nucleotides 108 and 125, however,
single substitutions of the C residues did not affect replication
efficiency. Another promising motif, (CNy, ),, located at nucle-

otides 84 to 119, was also found to be insignificant with regard
to replication (data not shown).

Further analysis showed eight adjacent hexamers of the
structure UNj (nucleotides 81 to 128), seven of which were
even UAN, (Fig. 7). Subsequent exchange from 3’ to 5" (viral
RNA sense) of these U residues with A, starting with nucleo-
tide 81 was performed by in vitro mutagenesis. As a result,
minigenomes with either five, four, three, or two remaining
functional hexamers were created (named 3E-SEA250 3U—A,
3E-5EA250 4U—A, 3E-5EA250 SU—A, and 3E-5EA250
6U—A, respectively). Huh-T7 cells were transfected with plas-
mids coding for the nucleocapsid proteins and the mini-
genomes, and cells were harvested at 2 days posttransfection
for analysis of replicated RNA. Northern blot analysis was
used to detect positive-stranded replicated RNA (Fig. 6A).

When three U residues at nucleotides 81, 87, and 93 were
exchanged, replication was still very efficient (Fig. 6A, lane 1).
Substitution of an additional U residue of the upstream hex-
amer reduced replication significantly (Fig. 6A, lane 3). When
five out of the eight hexamers were mutated (UNs—ANj),
replication still occurred but was considerably diminished to
almost background (Fig. 6A, lane 5). Two adjacent hexamers
were no longer able to support replication of the minigenome
(Fig. 6A, lane 7). These findings were supported by the results
of CAT assays (Fig. 6B). Since replication activity is a prereq-
uisite for reporter gene expression (see above), these results
confirmed that 3E-5EA250 SU—A is still active. As a conclu-
sion, at least three adjacent hexamers with the structure UNy
were essential for the second promoter element of the EBOV
replication promoter. This indicates that the second promoter
element starts at nucleotide 81, where the first U of the hex-
amers is located. Furthermore, our data revealed that the more
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hexamers of the given structure were present, the more effi-
ciently replication occurred.

Taken together, our data showed that the first 90 nucleotides
were not able to support replication but replication reached

1 55 68 81 128
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almost wild-type levels when 98 nucleotides were present. This
led to the assumption that the second promoter element lies
roughly between nucleotides 90 and 100. However, substitution
of nucleotides 84 to 110 did not affect replication (Fig. 5SA, lane
4), indicating that any three adjacent UN; hexamers can func-
tion as (part of) the second promoter element. When the 3’
end was at least 93 nucleotides in length, three hexamers with
a U at positions 81, 87, and 93 remained (Fig. 7). Randomizing
nucleotides 84 to 110 left three functional hexamers with U
residues at positions 111, 117, and 123 to serve as the second
promoter element, whereas mutant 3E-SEA250 X84-120 con-
tained only two adjacent hexamers. Therefore, these data can
be used to explain the discrepancy of our previous findings that
the minimal sequence determined by deletion analysis (Fig.
4A, lane 11) could be exchanged with a random sequence (Fig.
5A, lanes 3 and 4) without any major effect on replication.

DISCUSSION

In this paper, the EBOV replication promoter was analyzed.
We could show that the promoter is bipartite in nature, con-
sisting of a first element located within the first 55 nucleotides
of the EBOV genome and a second, downstream element
separated by a spacer region spanning at least 25 nucleotides.
The second element is located in the 3’ NTR of the first gene
and consists of eight UN5 hexamer repeats. However, three
consecutive hexamers, which could be located anywhere within
the promoter element, were sufficient to support replication as
long as the hexameric phase was preserved.

Bipartite promoters have been described for a variety of
viruses belonging to the Paramyxovirinae subfamily (15, 16, 24,
33, 42, 49). A common feature of these viruses is that their
genome length has to be a multiple of six to be replicated
efficiently (6, 8, 37, 40). This requirement of a hexameric ge-
nome length is reflected by the structure of the replication
promoters, consisting of two elements separated by a spacer.
Thus, it is postulated that both promoter elements must be
positioned along the same face of the helical nucleocapsid,
which is achieved by encapsidation of the RNA genome by
nucleoprotein (N) subunits, with each N subunit interacting
with exactly six nucleotides (48).

The first promoter element of the Paramyxovirinae is located

469

spacer

1 55
GCCUGUGUGUUUUUCUUUCUUCUUARARAUCCUAGAAAACACAJGCUUAUUGAUA

81
CUCCUUCUAAUUAUUAAAAGGAGAG UAACUU UAAAUA UAGCCU UAAAUU

123
UAACUU UAACAA UGACAU UAGUGU GGAC...

FIG. 7. Proposed structure of the EBOV replication promoter. The two parts of the replication promoter (promoter elements [PE]) are represented
by black boxes; the leader (nucleotides 1 to 55) is overlaid by PE1. The second PE consists of eight UNs hexamers spanning nucleotides 81 to 128 (white
box). Three UNs hexamers are sufficient to support replication and can be dislocated within PE2 in the proper phase. The U residues have to be at
position 81 + nX 6 (e.g., 81, 87, and 93). PE1 and PE2 are separated by a spacer region ranging at least from nucleotides 56 to 80, including the
transcription start signal (tss) of the NP gene. Most of the 3’ nontranslated region of the NP gene is not important for replication or transcription (striped
box, nucleotides 129 to 469). The nucleotide sequence of the EBOV genomic 3" end is depicted under the scheme. The transcription start signal of the
NP gene is in italics and bold; nucleotides involved in secondary-structure formation are boxed; and hexameric U residues are in bold.
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at the very 3’ end of the genome and spans approximately 30
nucleotides. The second promoter element of the Paramyxo-
virinae is well defined and consists of three adjacent hexamers
with the structure CNj for the respiroviruses Sendai virus and
human parainfluenza virus type 3 (16, 42) and for the morbil-
livirus measles virus (49). A similar (N,CG); motif was iden-
tified for the rubulavirus simian virus 5 and for the avulavirus
Newcastle disease virus (24, 33). The second promoter element
of the Paramyxovirinae comprises either hexamers 13 to 15 or
hexamer subunits 14 to 16 (47).

Interestingly, the second EBOV promoter element starts at
nucleotide 81, which is located within hexamer 14. Despite the
requirement for a hexameric phase within the second pro-
moter element of EBOV, its structure seems to be different
from that of the Paramyxovirinae promoters. First, conserved C
or G residues essential for replication could not be identified.
Instead, U residues at every sixth position within the promoter
element were found to be critical for replication activity. Sec-
ond, the downstream element of EBOV comprises eight hex-
amers. However, three hexamers in line located in the proper
phase were sufficient for replication activity, although our data
suggest that replication occurred more efficiently when more
hexamers were present. Finally, and most importantly, the
genome length of EBOV is not divisible by six. Neither the
full-length genome with 18,959 nucleotides nor naturally oc-
curring defective interfering particles were found to be a mul-
tiple of six or another common integer (5, 32). The lack of an
integer-length rule is one of the common features of filoviruses
and members of the Pneumovirinae, such as RSV (38).

Sequence comparison revealed that filoviruses are more
closely related to RSV than to any other viruses (30). More-
over, in contrast to the Paramyxovirinae, transcription of both
RSV and EBOV is dependent on the presence of the viral
transcription activator protein M2-1 and VP30, respectively (2,
50). However, the replication promoter of RSV has been
shown to consist of a single element located entirely within the
leader region (25), indicating that, despite the close relation-
ship between RSV and EBOV, the structure of the replication
promoters is different.

Although the rule of six is valid for all members of the
Paramyxovirinae, strict adherence is required only for respiro-
and morbilliviruses, whereas rubula- and avuloviruses are more
flexible (48). The EBOV genome length does not obey the rule
of six, although hexamer phasing appears to be important for
a functional promoter.

The identified minimal spacer region of the EBOV pro-
moter comprises the transcription start signal of the NP gene
(12 nucleotides) and the following 13 nucleotides. Exactly this
region has been shown to form a stem-loop structure which is
involved in regulation of VP30-dependent transcription (50).
Although the highly conserved transcription start signal of the
first gene has been found to be essential for transcription
initiation, this region is not important for replication. Interest-
ingly, the stretch of U residues with a hexamer periodicity is
interrupted by those nucleotides which are needed for second-
ary structure formation at the first gene start site (Fig. 7,
nucleotides 56 to 78, second gray box), suggesting an at least
partial separation of signals relevant for transcription and rep-
lication. For the members of the Paramyxovirinae subfamily, it
is also known that the transcription start signal does not belong
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to the replication promoter but to the spacer region. Interest-
ingly, synthesis of the first Paramyxovirinae mRNA species
always starts at nucleotide 56 (47). This is also the case for
EBOY subtypes Zaire and Reston, but not for Marburg virus.

The identified UNs hexamers within the EBOV genomic
replication promoter are found not only with the subtype Zaire
but also with EBOV Reston and Marburg virus. Depending on
the frame, a stretch of five or six UNy subunits is located
downstream of the EBOV Reston transcription start signal.
Similarly, in the Marburg virus 3’ end, the UN5 hexamer is
repeated six or seven times and extends into the transcription
start signal of the NP gene. Interestingly, the respective motif
is also found within the cTrailer of EBOV Zaire and Reston
and Marburg virus. Here, the stretch of hexamers comprises
four subunits (Marburg virus) and five subunits (EBOV
Reston and Zaire). So far, it is not known if the identified UNy
motifs are relevant for EBOV Reston and Marburg virus rep-
lication or if they are part of the antigenomic promoters. Fur-
ther studies will reveal their significance for replication.

It is likely that besides the identified U residues, other nu-
cleotides are also important for replication. Thus, it is note-
worthy that each of the U residues is followed by two purine
residues, mostly AA (Fig. 7). In Table 2, the sequence and the
hexamer phase of the spacer mutants are shown. Interestingly,
in mutant 3E-5EA250 —5, a stretch of three UN5 hexamers is
still in the correct phase. Nevertheless, this mutant was silent,
suggesting that additional motifs are relevant for replication.
In contrast to the active mutants in which 6 or 12 nucleotides
were inserted or deleted, the U residues in mutant 3E-5EA250
—5 are not followed by two purines, suggesting that the purine
residues might belong to the cis-acting signals needed for rep-
lication. However, further studies are required to clarify the
importance of these nucleotides for replication.

The first EBOV promoter element comprises the leader
region from nucleotides 1 to 55 (Fig. 7). We found a stable
secondary structure formed internally within the leader by base
pairing of nucleotides 5 to 15 with 35 to 44, including a loop of
19 nucleotides (Fig. 2). Formation of the detected RNA struc-
ture was independent of the presence of the 5" end, indicating
that a panhandle structure is not formed between the 3’ and
the 5" end. The structure determined by chemical modification
assays differed only slightly from the computer prediction
shown by Crary et al. (7). Disruption of the stem by exchanging
residues A, ;5 to U abolished replication, and compensatory
mutations (Us4_3o—A) could not restore replication (Fig. 3B).
This led to the conclusion that secondary-structure formation
is not sufficient to support replication, whereas the primary
sequence is crucial for promoter function.

These data are in line with those reported by Crary et al. (7),
who could show that substitution of single residues within the
predicted hairpin loop did not affect replication dramatically.
When they destabilized the secondary structure by exchanging
three nucleotides, replication was still detectable. However,
one of these residues (U,) was not involved in the formation
of the stem, according to our data (Fig. 2B). But our data agree
with theirs that this secondary structure is not the main deter-
minant of replication. For other NNS viruses, it has also been
described that RNA secondary structures do not play a dis-
cernible role in replication (15). In contrast, panhandle struc-
tures occur in segmented negative-stranded RNA viruses such
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as influenza A virus and were shown to be involved in inter-
action with the viral polymerase (10-12). In the case of a
positive-stranded RNA virus such as hepatitis C virus, second-
ary structures are important regulatory elements of viral func-
tions such as translation and replication (22, 44).

It has to be noted that all structures determined experimen-
tally were obtained from naked in vitro-transcribed RNA in
the positive-sense orientation due to the methodological limi-
tations of the assay. Primer extension analysis on negative-
strand RNA could not be performed because of the require-
ment for a primer binding site. Moreover, attempts to subject
isolated EBOV nucleocapsids to chemical modification assays
have not yet been successful. Thus, it remains unclear whether
encapsidated RNA is able to form secondary structures. Mini-
genome RNA has been found to be resistant to nuclease treat-
ment, suggesting a close association of nucleocapsid proteins
and RNA. A possible explanation could be that the short time
that the polymerase accesses the RNA template is sufficient for
secondary-structure formation.

Interestingly, RNA folding is not observed only at the ex-
treme genome ends. Thus, the transcription start signal of all
filoviral genes is predicted to form a stable stem-loop structure
(31). The function of one of these structures, the stem-loop
formed by the transcription start signal of the NP gene and
downstream sequences, has been elucidated. This structure is
found only 11 nucleotides downstream of the hairpin structure
within the leader (Fig. 7) and is known to regulate VP30-
dependent transcription, an important process in the viral life
cycle (50). However, in contrast to the hairpin loop within the
leader region, folding of the second stem-loop could take place
on the mRNA level, i.e., on the level of naked RNA.
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